Kehl SJ, Fedida D, Wang Z. External Ba 2ϩ block of Kv4.2 channels is enhanced in the closed-inactivated state. Am J Physiol Cell Physiol 304: C370 -C381, 2013. First published December 12, 2012 doi:10.1152/ajpcell.00267.2012.-The effect of external barium ions on rat Kv4.2 channels expressed in HEK293 cells was investigated using whole cell, voltage-clamp recordings to determine its mechanism of action as well as its usefulness as a tool to probe the permeation pathway. Ba 2ϩ caused a concentration-dependent inhibition of current that was antagonized by increasing the external
state-dependent block; voltage-dependent block; closed-state inactivation Kv4.1, Kv4.2, AND Kv4.3, the Kv4 channel subfamily, are products of the human genes KCND1-3 and are the mammalian homologues of the products of the fruit fly Shal gene. In human cardiac myocytes, Kv4 channels subserve a rapidly inactivating part of the transient outward current (I to,f ), which plays a role in shaping the amplitude and duration of the cardiac action potential, especially in atrial tissue, and therefore influences cardiac rhythmicity and contractility (5, 6, 24, 35) . In central and peripheral neurons, the role of Kv4.2 includes the regulation of action potential duration and long-term synaptic potentiation (15, 17) . In light of these functional roles, a more complete understanding of the biophysical properties of Kv4 channels is important.
Activation of Kv4 currents is replicated using multistate models (3) similar to those described for Shaker channels in which the voltage sensor of each of the four subunits of the tetrameric construct independently undergo one, possibly more, time-and voltage-dependent transitions. Once all four voltage sensors are in the "out" or activated position a concerted transition to the open state can occur.
Although an inactivation-removed Kv4 mutant does not yet exist and the molecular basis for its predominant inactivation process, known as closed-state inactivation (CSI), is enigmatic, the biophysical features of Kv4 inactivation are well established. During a strong depolarization causing channel opening, inactivation is fast, nearly complete, and multiexponential. Open channel inactivation processes that have been proposed to contribute to the multiexponential decay include N-and P/C-type inactivation, the former involving occlusion of the inner pore mouth by the NH 2 terminus of one of the four subunits and the latter involving a constriction of the outer pore mouth. Both of these inactivation processes have weak voltage dependence. The mid-point of the Kv4 availability or steadystate inactivation curve is 40 -50 mV to the left of the activation (P o -V) curve (3, 11) , which indicates that inactivation of closed channels also plays a significant role in Kv4 channels. Interestingly, the time course of recovery from inactivation, which is steeply voltage dependent, is identical and monoexponential following either a subthreshold depolarization or a seconds-long suprathreshold depolarization (3) . This implies that whether or not channel opening occurs during a depolarization, inactivation ultimately culminates in the population of a single inactivated state, and for that reason the term preferential closed-state inactivation has been coined (4) . CSI in Kv4 channels does not involve the NH 2 terminus since neither the steady-state availability curve nor the time dependence of recovery from inactivation is significantly affected in an NH 2 -terminal-deleted construct (3) and CSI persists in the presence of Kv4 channel-interacting protein (KChIP), an auxiliary subunit that inhibits N-type inactivation in native channels by immobilizing the NH 2 terminus (8, 31) . P/C-type inactivation is also believed to play a vestigial role in Kv4.2 inactivation; however, the possibility of P/C-type inactivation of closed channels, for which there is some evidence in Shaker and Kv1.5 channels (10, 34), has not been ruled out. One approach to addressing the question of whether a P/C-type inactivation process occurring at rest or in partially activated channels might account for CSI in Kv4.2 is to probe the outer pore mouth with external Ba 2ϩ ions. A Ba 2ϩ ion has essentially the same crystal radius as a K ϩ ion and is able to permeate several classes of K ϩ channels when applied from either side of the membrane (2, 13, 14, 21, 22, 28) . Regardless of the side of the channel to which Ba 2ϩ is applied, binding is thought to occur at sites in the selectivity filter region of the pore and, perhaps because of its greater charge, Ba 2ϩ tends to have a long mean dwell time at a site that is substantially within the electric field, resulting in a block of K ϩ current. X-ray crystallography showing the occupancy by Ba 2ϩ of a K ϩ binding site in the pore (16) reinforced seminal functional studies in big-conductance Ca 2ϩ -activated K ϩ (BK) channels (21, 22) demonstrating that Ba 2ϩ block can be influenced by the internal and external concentration of K ϩ . In voltage-gated Shaker channels mutated to remove fast N-type inactivation (ShIR), external Ba 2ϩ has been shown to bind to two sequential sites within the pore: occupancy of a low affinity superficial site gives rise to a near-instantaneous component of block, and the occupancy of a deep site with a higher affinity for Ba 2ϩ causes a block that is slower both in its onset and offset (13, 14) . Although the Shaker-related Kv1.5 channels do not show the near-instantaneous blocking phase, the kinetics of binding and unbinding at a deep site are also compatible with a two-site sequential model (9) . Both in ShIR and Kv1.5 Ba 2ϩ block occurs in closed channels, indicating that the outer pore is patent when the activation gate is closed. In contrast, in the P/C-type inactivated state, Ba 2ϩ is unable either to get to or exit from the deep pore site, which supports the idea that P/C-type inactivation involves a localized constriction of the outer pore mouth. Thus Ba 2ϩ is well established as a valuable tool in characterizing the pore of K ϩ channels and providing insights into changes of the pore configuration in different channel states.
Since Ba 2ϩ block of Kv4.2 channels has not yet been studied, we first characterized the block produced when Ba 2ϩ was applied during 1-Hz, 10-ms pulses to 80 mV and provide evidence that Ba 2ϩ does indeed bind in the pore. Armed with that information we then compared Ba 2ϩ binding in closed and closed-inactivated states with the aim of determining if pore accessibility is affected by CSI. Our major finding is that closed-inactivated Kv4.2 channels are blocked by Ba 2ϩ and that the block is substantially faster than it is for closed channels. The latter result argues against a constriction of the outer pore mouth as the basis for CSI but also implies that the outer pore structure is affected by the conformational changes underlying CSI.
METHODS

Cell Preparation
Wild-type rat Kv4.2 currents were recorded from channels stably expressed in a human embryonic kidney cell line (HEK293; American Type Culture Collection, Rockville, MD). Cells were passaged using trypsin-EDTA and maintained in minimum essential medium supplemented with 10% FBS, 1% penicillin-streptomycin, and 0.5 mg/ml geneticin at 37°C in an atmosphere of 5% CO 2 in air. An HEK293 cell line stably expressing Kv1.5 channels was maintained as described previously (32) . All tissue culture supplies were obtained from Invitrogen (Burlington, ON, Canada).
Recording Solutions
Unless otherwise stated, the standard bath solution contained the following (in mM): 140 NaCl, 3.5 KCl, 2 CaCl2, 1 MgCl2, 5 glucose, and 10 HEPES; the pH was adjusted with NaOH to 7.4 at room temperature. In experiments where the [K ϩ ]o was increased, KCl was substituted for NaCl. Kv4.2 current rapidly disappears (see below for details) when K ϩ is removed entirely from the external medium, and for that reason 3.5 mM K ϩ o was the lower limit of the concentration range that was used. Ba 2ϩ -containing solutions were prepared by iso-osmotic substitution of BaCl2 for NaCl. The patch pipette solution contained (in mM): 130 KCl, 4.75 CaCl2 (pCa ϭ 7.3), 1.38 MgCl2, 10 EGTA, and 10 HEPES and was adjusted to pH 7.4 with KOH. Chemicals were obtained from Sigma-Aldrich (Mississauga, ON, Canada).
In an experiment, a section of glass coverslip to which transfected HEK293 cells had adhered was placed in a recording chamber (0.5-ml volume). During an experiment, the chamber was perfused with standard bath solution at a rate of 1-2 ml/min.
Electrophysiological Procedures
Whole cell currents were recorded at room temperature (20 -25°C) using an EPC-8 patch-clamp amplifier interfaced with a computer via an ITC-18 digital interface (HEKA Electronik). Patch electrodes were made from thin-walled borosilicate glass (World Precision Instruments, Sarasota, FL) and had resistances of 1.0 -1.5 M⍀ measured in the recording chamber with the standard internal and external solutions. Voltage-clamp commands were generated using HEKA PatchMaster software. Circuitry of the EPC-8 amplifier was used to compensate the membrane capacitance and at least 80% of the series resistance. Leak subtraction was not used. Current signals were filtered at 3 kHz (Ϫ3-dB, 8-pole Bessel filter) and digitized (18 bit) at a sampling interval of 25-50 s. Voltages were corrected for liquid junction potentials. Cells were normally held at Ϫ80 mV, and the test pulse potential was usually 80 mV. Rapid changes of the solution perfusing a test cell were achieved as described previously (10) . The delay in the onset of the rapid solution change was 25-50 ms, and the exchange time constant, measured as described by Panyi and Deutsch (25) , was 25-50 ms. Given that the time constants of the fastest reactions we monitored were roughly two orders of magnitude slower, this exchange time was deemed acceptable. Where applicable, peak current amplitudes were normalized to control measurements taken just before the experimental treatment. Data from cells that did not recover to within 10% of the control current level after exposure to Ba 2ϩ were not used. We did not compensate for the contribution of the endogenous, noninactivating, delayed rectifier-type current expressed in HEK293 cells. In nontransfected cells in standard bath solution, this endogenous current at 80 mV typically ranged from 0.5 to 2 nA.
Control rat (r)Kv4.2 currents had biophysical properties (not shown) that quite closely matched those reported for rKv4.2 expressed in frog oocytes (30) and human (h)Kv4.2 expressed in HEK 293 cells (3) . The mid-point of the steady-state inactivation curve was Ϫ58.5 Ϯ 0.6 mV (n ϭ 22) and the slope factor obtained by a fit of the Boltzmann relationship was 5.5 mV (vs. Ϫ57 and 5.0 mV, respectively, for hKv4.2); more than 95% of the channels were available at a holding potential of Ϫ80 mV. At Ϫ50 and Ϫ40 mV, the onset of CSI was well fitted by a single exponential with a time constant of 568 Ϯ 85 ms (n ϭ 5) and 133 Ϯ 25 ms (n ϭ 7), respectively (vs. 959 Ϯ 188 ms at Ϫ50 mV in hKv4.2). Recovery from inactivation at Ϫ80 mV following strong depolarization-induced inactivation was monoexponential and had a time constant of 330 Ϯ 14 ms (n ϭ 15; vs. a mean of 285 ms in hKv4.2).
As noted above, rKv4.2 current rapidly declines after switching to nominally K ϩ -free solution. The time course of this loss of current was biexponential ( f ϭ 1.6 Ϯ 0.2 s; s ϭ 9.4 Ϯ 0.4 s), with the slower component accounting for 63 Ϯ 4% (n ϭ 5) of the loss; in the three cells where recovery was complete after returning to 3.5 mM K ϩ the recovery was 76.5 Ϯ 3.2 s. Although comparable qualitatively to the findings in Kv4. 3 (12) , the loss of current in rKv4.2 was much faster: in rKv4.2 the peak amplitude of the current was 70% of the control value after Ϸ1.4 s, whereas in Kv4.3 that value was reached after roughly 150 s. This rapid loss of current meant that it was not possible to study Ba 2ϩ block in K ϩ -free medium.
Data Analysis
Data are presented as the means Ϯ SE, except for the values derived from nonlinear least-squares fitting routines (Igor, Wavemetrics, OR), which are expressed as means (SD). The value for n represents the number of cells examined. One-way ANOVA and Tukey's test were used to test for statistical significance (P Ͻ 0.05).
For the analysis of the relationship between the blocking time constant ( block) and [Ba 2ϩ ]o (Fig. 1C) , we used a sequential two-site binding model in which the on-rate for a deeper site depends on the probability that a superficial site is occupied by Ba 2ϩ . This same model has been used previously to describe the concentration dependence of the slow block of ShIR channels by Ba 2ϩ (9, 14) . The data were fit to the equation:
where k 2 and kϪ2 are, respectively, the apparent binding and unbinding rates at the deep site, KBa,s is the apparent equilibrium dissociation constant of the superficial site, and 1/(1 ϩ K Ba,s /[Ba 2ϩ ]o) is the probability that Ba 2ϩ is bound to the superficial site. In Eq. 1, kϪ2 is independent of the occupancy of the superficial site. In the original model (14) , this independence arose from the assumption that a coulombic interaction precluded simultaneous occupation of the two sites by Ba 2ϩ . Even if this constraint is removed, there is little change in the outcome of the model because kϪ2, derived independently from the time dependence of the current recovery in Ba 2ϩ -free medium (Fig. 1C) , is very small relative to k2 = at Ba 2ϩ concentrations that produce a significant degree of slow block. The probability (y) that the deep site is not blocked is:
where indicated, the Hill equation fitted to the data is of the form:
where y is again the normalized steady-state residual (unblocked) current, K Ba is the apparent equilibrium dissociation constant of the deep Ba 2ϩ binding site that mediates slow block, and the Hill coefficient is assumed to be one.
The relationship between the proportion of channels blocked at the steady state (1-y) and the external concentration of K ϩ was fitted using an equation describing a competitive binding interaction between K ϩ and Ba 2ϩ :
where KK is the equilibrium dissociation constant for the K ϩ binding site and y and KBa are defined above.
To 
where koff(V) is the Ba 2ϩ unbinding rate at the test voltage, koff (0 mV) is the unbinding rate at 0 mV, V is the test potential, z is the valence of the blocking ion, ␦ is the electrical distance between the deep-Ba 2ϩ binding site and the rate-limiting barrier for exit, and F, R, and T have their usual thermodynamic meanings.
RESULTS
Biophysical Properties of the Ba 2ϩ Block of Kv4.2 Channels
Concentration dependence of the Ba 2ϩ block. As in previous studies of the Ba 2ϩ block of voltage-gated K ϩ channels (9, 13, 14, 28), we used brief, low frequency, suprathreshold test depolarizations to track the onset of and recovery from Ba 2ϩ block. Typically, a 10-ms step to 80 mV from Ϫ80 mV was applied at 1 Hz; this is subsequently called the 1-Hz pulsedvoltage protocol. Figure 1A shows representative, superimposed test currents evoked during the onset of the block with 10 mM Ba 2ϩ and recovery from block . The characteristically rapid inactivation of Kv4.2 channels means that there is a substantial decrease of the control current by the end of a 10-ms pulse (e.g., Fig. 1 , A and B) but an interpulse interval of 900 -1,000 ms at the holding potential of Ϫ80 mV meant that recovery from inactivation was largely complete between pulses. We assume here and in subsequent analyses that Ba 2ϩ binding does not alter Kv4.2 activation or inactivation gating. In a typical experiment, after obtaining control responses, the solution was rapidly switched to one containing a known concentration of Ba 2ϩ and the peak amplitude of test pulse currents was measured to follow the onset of block. Once a steady-state level of block was achieved, the perfusate was rapidly switched back to control solution and recovery from block was monitored. For the diary plots of Fig. 1B the peak current amplitudes were normalized with respect to the mean pretreatment value and plotted against the elapsed time. The results with 1-20 mM Ba 2ϩ indicate that, within limits, increasing the [Ba 2ϩ ] o increases the rate of block and the steady-state level of block. Regardless of the concentration of Ba 2ϩ that was used, the time courses of the onset and recovery from block are well fitted by an exponential function. As with the Ba 2ϩ block of Kv1.5 (9) and Kv1.3 (28), but unlike the block of ShIR current (13, 14) , there was no instantaneous component of block.
Time constants for the onset of block ( block ) and the recovery from block ( unblock ) are plotted against the [Ba 2ϩ ] o in Fig. 1C . Note that unblock was independent of the extent of the block, which implies that the blocked state is the same regardless of the Ba 2ϩ concentration or, if the blocked states differ, that recovery occurs via the same rate-limiting mechanism. With 1-Hz pulses, the mean unblock derived from the pooled data was 12.4 Ϯ 0.4 s. As reported for ShIR and Kv1.5 channels, the blocking rate is not a linear function of the blocker concentration, indicating that a bimolecular blocking reaction is not involved. The concentration dependence of block was nicely approximated by a model assuming that Ba 2ϩ block involves an outermost or superficial site in direct contact with the extracellular compartment and a deeper site in series with the superficial site (see Eq. 1 in METHODS). The best fit of the block -concentration relationship ( Fig. 1C ; n ϭ 5-9 per point) to Eq. 1 gave estimates of 11.6 (SD 2.5) mM for the equilibrium dissociation constant of the superficial site (K Ba,s ) and an apparent on-rate (k 2 ) and off-rate (k Ϫ2 ] o and the normalized unblocked (residual) current at the steady state (n ϭ 4 -22 per point), indicates that the extent of the block is also reasonably well fitted by an equation (Eq. 2) based on the two-site model. A poorer fit to the data is obtained using the Hill equation (Eq. 3) and a Hill coefficient of one (dotted line), which again argues against a simple bimolecular reaction as the basis for the block.
Increasing Fig. 2B where the proportion of current blocked with 20 mM Ba 2ϩ is plotted against K ϩ o concentrations that ranged from 3.5 to 100 mM. Although it is an oversimplification, given the likelihood that at least two binding sites are involved, and given that there is no way of distinguishing the relative affinities of K ϩ and Ba 2ϩ at the putative superficial and deep binding sites, we used an expression for a competitive interaction for K ϩ and Ba 2ϩ binding at a single site (Eq. 4) to arrive at a rough numerical representation of the effect of K ϩ o on the Ba 2ϩ block. Although the standard deviations of the fitted values are large, an acceptable fit to the data (n ϭ 5-20 per point) was obtained with a K Ba of 0.96 (SD 0.5) mM and a K K of 0.54 (SD 0.3) mM. If we assume that K ϩ is competing for binding at the superficial site, then, based on the means of those fitted values, the K Ba,s in 3.5 mM K ϩ o is predicted to be 7.5 mM, which compares to a value of 11.6 (SD 2.5) mM estimated from the data of Fig. 1C .
A second effect of increasing [K ϩ ] o was to accelerate recovery from Ba 2ϩ block ( Fig. 2A) . Thus unblock was 13.5 Ϯ 0.7 s (n ϭ 20) in 3.5 K (Fig. 2B) (Fig. 3A) , block was induced in 3.5 mM K ϩ o with 1-Hz pulsing to 50 mV during a 15-s exposure to 20 mM Ba 2ϩ and then, after switching back to control solution, recovery was monitored with 1-Hz, 10-ms steps from Ϫ80 mV to either 50 or 110 mV. At both voltages the recovery time course was well fitted by an exponential function, but the off-rate, which is equal to the reciprocal of unblock , was almost threefold faster with steps to 110 mV. In Fig. 3B , the off-rates at 50, 80, and 110 mV are plotted, and the best fit (solid line) of those data (n ϭ 4 -13 per point) to the Woodhull model (Eq. 5) indicates that the unblocking rate changes e-fold per 53 mV. Although other mechanisms not directly involving the bound Ba 2ϩ ion are possible (2), one explanation for the voltage dependence of unblock is that the Ba 2ϩ unbinding step senses Ϸ25% of the electric field [(RT/ F)/z␦ off ϭ 53 mV; ␦ off ϭ 0.24].
As reported for Kv1.5 currents (9), and as expected for an unblocking reaction that is facilitated by depolarization, the relationship between the Ba 2ϩ off-rate and the frequency of 10-ms steps to 50 or 80 mV is linear ( Fig. 3C; n ϭ 3-13 per  point) . Additionally, the y-intercept values obtained from independent fits of a line to the two data sets gave virtually identical off-rates at 0 Hz, i.e., in the absence of pulsing, of 0.0054 (SD 0.001) s Ϫ1 and 0.0054 (SD 0.0006) s
Ϫ1
, which translates to an estimate for unblock time constant at Ϫ80 mV ( resting unblock ) of Ϸ3 min (185 s). This agrees with the results of several other studies of voltage-gated K ϩ channels (2, 9, 13) showing that the closed, Ba 2ϩ -bound conformation is quite stable, presumably due to energetically favourable interactions at a site within the pore.
Increasing the test pulse duration decreases Ba 2ϩ block and enhances unblock. For the last set of experiments of this section, we examined the effect of changing the duration of steps to 80 mV on Ba 2ϩ block and unblock. With respect to the blocking reaction, the superimposed diary plots of Fig. 4A show that increasing the pulse duration from 2.5 ms up to 100 ms had two effects. First, the extent of the steady-state block decreased, and, second, block decreased. Both of these outcomes imply that increasing the pulse duration inhibits the binding reaction and facilitates Ba 2ϩ unbinding. The near-complete inactivation of current with a 100-ms step to 80 mV also allowed us to determine if current decay was affected by Ba 2ϩ . For the representative currents of Fig.  4B the inactivation of the control current evoked just before switching to 20 mM Ba 2ϩ was well fitted by a biexponential function, and with f and s constrained to the control values of 5.7 and 22 ms, respectively, the fit to the currents evoked 2, 4, and 16 s after the start of a 20-mM Ba 2ϩ application was A: superimposed diary plots of separate runs in the same cell show that varying the pulse duration between 2.5 and 100 ms decreases the extent of the steady-state block and decreases block. B: excellent fit of the biexponential decay of a control trace and selected current traces during the onset of the Ba 2ϩ block was obtained when f and s were constrained to the control values. Thus there is no direct evidence of block occurring during a depolarizing pulse. C: overlaid diary plots of 2 separate runs in the same cell show that the recovery for 10-or 100-ms duration steps to 80 mV applied at 1 Hz was 11.8 and 3.4 s, respectively. D: there is no clear evidence of channel unblock during a depolarizing pulse. Recovery currents evoked with a 100-ms step to 80 mV in Ba 2ϩ -free medium indicate that although the relative amplitude of the 2 exponential components differs, an excellent fit of the current decay of partial recovery responses is obtained using the values for f and s fitted to the full recovery current. excellent, as indicated by the near-complete overlap of the fitted traces and the current traces. The only major difference between the control current and the blocked current at the steady state was that in the four cells examined the contribution of the slow inactivating component (A s ) to the total inactivation, A s /(A f ϩ A s ), increased from 0.48 Ϯ 0.01 to 0.62 Ϯ 0.02 (P Ͻ 0.05). Although the mechanistic basis for the larger contribution of the slower inactivation process is unclear, the main point is that the rate of current decay is not substantially affected in the presence of Ba 2ϩ . To analyze the effect of the pulse duration on the kinetics of recovery from block, we used the 1-Hz pulsed-voltage protocol involving 10-ms steps to 80 mV in the presence of 20 mM Ba 2ϩ to induce a consistent degree of block before switching to control solution to track recovery with different duration pulses. For the representative experiment summarized in the superimposed diary plots of Fig. 4C , recovery from block was tracked in separate runs in the same cell using either 10-ms or 100-ms pulses to 80 mV. With a 10-ms pulse duration, the unblock was 11.8 s, and unblock decreased to 3.4 s with 100-ms steps to 80 mV. Thus the recovery rate for steps to 80 mV lasting 100 ms was ϳ3.5-fold faster than with 10-ms depolarizations, confirming that an increase of the off-rate contributes at least in part to the smaller degree of block observed with 100-ms vs. 10-ms test pulses in 20 mM Ba 2ϩ (Fig. 4A) . In ShIR and Kv1.5 the unbinding of Ba 2ϩ during a strong, prolonged depolarization in Ba 2ϩ -free medium is manifest as a slowly rising component of current with kinetics quite distinct from the normal activation time course of unblocked channels. To determine if there is any comparable evidence for channel unblock in Kv4.2, we examined the decay kinetics of the first recovery sweep, which was evoked by a 100-ms depolarization to 80 mV after switching to Ba 2ϩ -free medium, to those of a full recovery sweep. In the five cells studied, the values for f and s fitted to the decay of the full recovery current were 6.90 Ϯ 0.55 and 27.4 Ϯ 2.14 ms, and A s /(A f ϩ A s ) was 0.43 Ϯ 0.12. The same f and s values gave a good fit to the current decay of the first recovery sweep, as judged by eye (e.g., Fig.  4D) , and, as for the steady-state blocked current measured in 20 mM Ba 2ϩ (Fig. 4B) , A s /(A f ϩ A s ) was higher (0.63 Ϯ 0.04). Thus in contrast to the situation in Kv1.5 and ShIR channels, there is no direct manifestation of Kv4.2 channel unblock during a 100-ms depolarizing pulse. This might mean that unblock occurs during the rising phase of the current, or from open-blocked channels during deactivation at Ϫ80 mV, or that unblock is electrically silent because it occurs from inactivated-blocked states that either do not recover through the open state or do so very rapidly. The possibility of any substantial contribution of unblock of channels at Ϫ80 mV during a 1-Hz pulsed-voltage protocol is ruled out by results ( Fig. 3C and see Fig. 6A ) showing that resting unblock in 3.5 mM K ϩ o is very slow.
Together, the results of Figs. 2-4 strongly support the conclusion that the Ba 2ϩ site underlying the slow block/ unblock of Kv4.2 is located in the channel pore. This is consistent with the high degree of conservation of the primary ␣-subunit selectivity filter sequence that contributes to the formation of the outer third of the permeation pathway of Kv channels. More importantly, it shows that as in Shaker and Kv1.5 channels (see Introduction), Ba 2ϩ can be used to probe the outer pore mouth of the Kv4.2 channel to determine if CSI might be explained by a constriction of the outer pore mouth. Ba 2ϩ block of closed Kv4.2 channels. To establish the time course as well as the steady-state level of any closed-channel block, which is also referred to here as resting block, it was necessary to use what we refer to as a fixed-voltage protocol in which the membrane voltage (V m ) was Ϫ80 mV for the full duration of an exposure to Ba 2ϩ . The main difference between the pulsed-and fixed-voltage protocols was that in the latter the V m during the Ba 2ϩ application did not change. The proportion of channels that were not blocked after a 2-to 90-s exposure to 20 mM Ba 2ϩ was obtained by normalizing the posttreatment test current at 80 mV to the pretreatment test current evoked at 80 mV 1 s before the start of the Ba 2ϩ application. The relationship between the normalized unblocked current and the duration of the Ba 2ϩ application ( Fig. 5A ; n ϭ 6 -16 per point) was well fitted by a single exponential with a time constant of 56.4 (SD 16.3) s, and the residual steady-state current was estimated by extrapolation to be Ϸ30%. In other words, after a 3-min application of 20 mM Ba 2ϩ at a sustained V m of Ϫ80 mV roughly 70% of the channels were blocked. This indicates that compared with the block of Kv4.2 obtained with the 1-Hz pulsed-voltage protocol the extent of the closed-channel block at the steady state with 20 mM Ba 2ϩ was roughly the same (70 vs. 75%) but the time course of the block was markedly slower ( block of Ϸ56 s vs. Ϸ3 s). Given the slow time course of closed-channel block with 20 mM Ba 2ϩ , it was impractical to test the time dependence of the block with lower concentrations of Ba 2ϩ , so we are unable to comment on whether closed-channel block also involves two serial sites.
Ba 2ϩ block of closed-inactivated Kv4.2 channels. Although C-type inactivation has been viewed as being vestigial in Kv4 channels and is conventionally viewed as an unlikely explanation for CSI (4), it has been invoked as an explanation for the collapse of Kv4 current in K ϩ -free medium (12) . As noted in the Introduction, there is the possibility that a P/C-type-inactivation or a similar process occurring in partially activated states accounts for CSI. To directly address that possibility, we used a fixed-voltage protocol in which the V m during the Ba 2ϩ application was Ϫ40 mV rather than Ϫ80 mV. This voltage was chosen because it is on the foot of the Kv4.2 steady-state availability curve (3, 30; data not shown), and it causes most channels to enter closed-inactivated states, which can differ in the extent of the voltage-sensor movement, but which for simplicity are lumped together as the closed-inactivated state. The timing of the Ba 2ϩ application and the voltage protocol used to measure the block of closed-inactivated channels is shown in Fig. 5B , inset. Briefly, a control current was evoked by a 10-ms step from Ϫ80 to 80 mV and the V m was then changed to Ϫ40 mV. The rationale being that partially activated closed channels inactivate at Ϫ40 mV with a time constant of 133 Ϯ 25 ms (n ϭ 7) so that after 4 s at Ϫ40 mV most of the channels are in the closed-inactivated state. There was typically some opening at the onset of the step to Ϫ40 mV but the current quickly subsided, presumably due to N-type inactivation, but even those open-inactivated channels are assumed to be ultimately absorbed into the closed-inactivated state (4) over the 4-s period preceding the 20-mM Ba 2ϩ application. Following a Ba 2ϩ exposure that varied between experimental runs from 2 to 90 s, the V m was stepped to Ϫ80 mV for 1 s to allow recovery from inactivation. A 10-ms test C376 Ba 2ϩ BLOCK OF Kv4.2 pulse to 80 mV was then applied, and the residual current, normalized with respect to the control current, was plotted against the duration of the Ba 2ϩ exposure (e.g., Fig. 5A ; n ϭ 4 -14 per point). Intriguingly, the block of closed-inactivated channels (V m ϭ Ϫ40 mV) was substantially faster [ block ϭ 21 (SD 0.8) s] than that for closed channels [V m ϭ Ϫ80 mV; 56.4 (SD 16.3) s; P Ͻ 0.05] and the extent of the steady-state block was also greater (90.3 Ϯ 0.1 vs. Ϸ70%). The block measured at Ϫ40 mV shows that despite a possible mitigating effect of a less negative membrane voltage on Ba 2ϩ binding, closedinactivated channels have a higher affinity for Ba 2ϩ than closed channels. In addition to directly showing that a C-type inactivation-like constriction of the outer pore mouth is unlikely to underlie CSI, these results imply that there is a change of the pore structure in closed-inactivated channels that culminates in enhanced Ba 2ϩ binding. If the Ba 2ϩ binding site accounting for the block of closedinactivated Kv4.2 channels is the same as that involved in pulsed-voltage block, then the time dependence of recovery from closed-inactivated block might reasonably be expected to be the same as well. This was tested by applying a train of 1-Hz, 10-ms steps to 80 mV from Ϫ80 mV (not shown) immediately after recording the posttreatment test current that was used to quantify the degree of channel block. The recovery time course, measured as described in relation to unblock during the pulsed-voltage protocol in Fig. 1C Fig. 1C ). The voltage dependence of the recovery from the Ba 2ϩ block of closed-inactivated channels was not measured; however, the fact that the recovery time course following either the pulsed-voltage or the fixed-voltage (Ϫ40 mV) protocol is the same is an argument that the same deep pore binding site is involved.
Brief, strong depolarizations in Ba 2ϩ -free medium can cause unbinding of Ba 2ϩ from closed-blocked channels (e.g., Fig.  1B ). To determine if the same applies for closed-inactivated channels, the voltage clamp protocol was modified (Fig. 5C , inset) so that after a 60-s exposure to 20 mM Ba 2ϩ the V m was maintained at Ϫ40 mV (rather than stepping back to Ϫ80 mV) while a train of ten 40-ms steps to 80 mV was applied at 1 Hz. At the end of the pulse train, V m was stepped back to Ϫ80 mV for 1 s to allow recovery from inactivation before a 10-ms test pulse to 80 mV was given (compare insets of Fig. 5, B and C) . With a train of 10 depolarizing pulses the test current was 20.6 Ϯ 0.01% of the control current and, in paired measurements from five cells, the peak current without the train of 40-ms pulses was 18.0 Ϯ 0.02% of the control amplitude. Thus there is no significant unbinding from closed-inactivated channels during steps to 80 mV. By comparison, in closed-blocked channels a train of ten 40-ms pulses to 80 mV caused, on average, 84% unblock (n ϭ 7). This implies that recovery from inactivation is required for depolarization-induced unblock to occur.
Increasing indicates that a closed-inactivated channel is more amenable to Ba 2ϩ block than a closed channel. These data suggest that a constriction of the outer pore mouth is not the molecular basis for closedstate inactivation (CSI) but do imply that CSI changes the pore structure. The basis for the y-intercept value of 0.82 for the exponential fitted to the block at Ϫ40 mV is unclear. It implies that there is also a fast component ( ϽϽ 2 s) of block, perhaps of open channels, but numerical models of Kv4.2 current predict a steady-state Po at Ϫ40 mV of 0.00015 to 0.0007 (4, 12) ; it is unlikely to be an artefact of the fast perfusion system since no such effect is observed with Kv1.5 currents (Fig. 7) . B: example shown, block of the closed-inactivated state was studied using a fixed-voltage protocol (inset) in which the membrane was stepped to Ϫ40 mV for 4 s before applying 20 mM Ba 2ϩ for 60 s. Block was quantified by normalizing the posttreatment test current with respect to the control response evoked before the Ba 2ϩ application. Traces below the inset show, on an expanded timescale, the first 1 s and the final 11.7 s of the current and voltage traces. Approximately 76% of the current was blocked. C: for the same cell shown in B, the stimulation protocol was modified by adding a train of ten 40-ms, 1-Hz pulses from Ϫ40 to 80 mV at the end of the Ba 2ϩ application. Comparison of the posttreatment test current amplitudes in B and C reveals that pulsing to 80 mV from a Vm of Ϫ40 mV had no block-relieving effect. See text for discussion.
unblock at Ϫ80 mV a 10-ms depolarization to 80 mV was used to obtain the control current amplitude and then a protocol involving a 15-s application of 20 mM Ba 2ϩ in 3.5 mM K ϩ o together with 1-Hz, 10-ms pulses from Ϫ80 to 80 mV was used to block roughly 75% of the current (not shown but cf. Fig.  6C ). The Ba 2ϩ solution was rapidly removed, and there was then a period of varying duration (1-240 s) in control solution at Ϫ80 mV during which resting unblock could occur. At the end of the variable recovery period, a train of 1-Hz, 10-ms test pulses from Ϫ80 to 80 mV was applied and the extent of the resting unblock was obtained by normalizing the peak current evoked by the first pulse of the train, referred to here as the first test pulse, with respect to the control current. Resting unblock is also referred to here as recovery from block or simply recovery. A fit of an exponential function to the data for the normalized first test pulse current vs. the recovery period gave a resting unblock of 282 (SD 93) s ( Fig. 6A; n ϭ 3-6 per point) , which confirms that the closed Ba 2ϩ -bound conformation is quite stable. Our estimates of the off-rates at Ϫ80 mV with 3.5 K ϩ o range from 0.0054 to 0.0035 s Ϫ1 using the approaches described for Figs. 3C and 6A, respectively. Both estimates are slower than the upper-range estimate of 0.013 s Ϫ1 for unblock of ShIR at Ϫ80 mV with 2 mM K ϩ o (13) but are faster than the estimate of 0.001 s Ϫ1 at Ϫ80 mV in Kv1.5 (9) . Given that increasing [K ϩ ] o increased the rate of unblock mediated by 1-Hz pulses to 80 mV ( Fig. 2A) , we were curious if increasing [K ϩ ] o would have any effect on resting unblock . The experimental approach we used (Fig. 6C ) was analogous to that used to monitor unblock at rest with 3.5 mM K ϩ except that 100 mM K ϩ was used. Because high K ϩ o antagonizes the Ba 2ϩ block (Fig. 2B) , the induction of Ba 2ϩ block was done in solution containing 3.5 mM K ϩ . Figure 6B shows representative current traces for an experiment where for one run the recovery period was 1 s (top row) and for the other run it was 120 s (bottom row). The left column of traces shows superimposed the control current in 100 mM K ϩ (a), the current for the first sweep evoked after switching to 3.5 K ϩ and 20 mM Ba 2ϩ (b), and the current for the last sweep evoked in 3.5 mM K ϩ and 20 mM Ba 2ϩ (c). As expected, the inward tail current at Ϫ80 mV was eliminated by switching from 100 to 3.5 mM K ϩ . However, despite the large difference of the K ϩ driving force there was little change of the peak current in trace a with 100 mM K ϩ and trace b with 3.5 mM K ϩ , an effect that is provisionally attributed to a higher single channel conductance in 100 mM K ϩ . After a 1-s recovery period in 100 mM K ϩ (Fig. 6B, top right) , little, if any, unblock was evident in the first test pulse. With this high [K ϩ ] o , the block rapidly reversed ( unblock ϭ 3.2 Ϯ 0.24 s for recovery following 1-, 30-, and 60-s intervals; n ϭ 4 for each interval) once the 1-Hz depolarizing pulses began and recovery was complete by the fifteenth pulse. Conversely, after a 120-s recovery interval (Fig.  6B, bottom right) at Ϫ80 mV with 100 K ϩ o there was little or no block as indicated by the fact that the first and subsequent recovery currents were virtually indistinguishable from the control response recorded before Ba 2ϩ loading (trace a, bottom left). Figure 6C shows superimposed diary plots of six runs using the same protocol and in which the recovery period ranged from 1 to 240 s. Diary plot currents were normalized with respect to the mean of the pretreatment currents, and the envelope of the amplitudes of the first test pulse currents shows that recovery at rest was well fitted Fig. 2 ). When the interval in 100 mM K ϩ o was 120 s no block was evident on the first pulse. C: this diary plot shows superimposed the results of 6 separate runs in the same cell in which the interval in 100 mM K This acceleration of Ba 2ϩ unbinding at rest with 100 mM K ϩ o could be explained by a knock-off effect mediated by inward-going K ϩ ions but only if channels are able to open at Ϫ80 mV. If the latter assumption is correct, then using a more negative holding potential might be expected to diminish the effect of 100 mM K ϩ on Ba 2ϩ unblock at rest by virtue of decreasing the P o . To test that idea we examined in paired recordings the degree of recovery from Ba 2ϩ block after a 30-s interval in 100 mM K ϩ o with a V m of Ϫ80 mV or Ϫ100 mV. With a V m of Ϫ100 mV the normalized first pulse current was 0.67 Ϯ 0.05 (n ϭ 7), which was not significantly different from that measured with a V m of Ϫ80 mV (0.67 Ϯ 0.04). We propose in the discussion that there is a small but significant open probability of Kv4.2 channels even at very negative holding potentials. . Given that Ba 2ϩ binding is directly voltage dependent, and that a less negative holding potential would be expected to decrease binding, the finding that the block of Kv4.2 channels was both greater and faster at a holding potential of Ϫ40 mV vs. Ϫ80 mV (Fig. 5A ) was surprising. Since the Ba 2ϩ off-rate for Kv1.5 channels is also known to be voltage dependent (9) , and given that closed-state inactivation does not occur in wild-type Kv1.5 channels at pH 7.4 (18), the block of Kv1.5 channels at Ϫ40 and Ϫ80 mV was compared using the same experimental approach described in relation to Fig. 5A . We found that the block of Kv1.5 was slower at Ϫ40 mV [ block ϭ 64.9 (SD 6) s; n ϭ 4 per point] than at Ϫ80 mV [ block ϭ 30.4 (SD 1.6) s, n ϭ 4 per point] and that the extent of the extrapolated steady-state block was also less (64.5 Ϯ 2.4 vs. 73.8 Ϯ 1.1%; Fig. 7A ). The relatively stronger block at Ϫ80 mV is the opposite of the result in Kv4.2, and, with the caveat that extrapolation from Kv1.5 to Kv4.2 channels may not be fully justified, one interpretation is that the more avid binding of Ba 2ϩ to closed-inactivated Kv4.2 channels is due to CSI rather than a conformational change related to partial channel activation.
To determine if the action of 100 mM K ϩ o to enhance Ba 2ϩ unblock at rest is recapitulated in Kv1.5, we used the same protocol and analytical approach described in relation to Fig.  6B . Representative current traces from one such experiment (Fig. 7B) show that there was very little difference in the amplitude of the first test pulse current whether the recovery period was 1 or 120 s: the mean normalized first test pulse current with a 1-s recovery interval was 0.42 Ϯ 0.01 and after a 120-s interval it was relatively unchanged at 0.50 Ϯ 0.02 (n ϭ 7). Thus whereas 100 mM K ϩ o robustly accelerated recovery from Ba 2ϩ block at Ϫ80 mV in Kv4.2, this effect was, at best, weak in Kv1.5.
DISCUSSION
This study provides the first characterization of the Ba 2ϩ block of Kv4.2 channels in a heterologous expression system. The block is concentration dependent and slow, meaning that it develops on a seconds-long timescale (Figs. 1 and 6C) , and it is very likely that the block reflects the occlusion of the permeation pathway by the prolonged occupancy of a site in the channel pore. The latter property is inferred from three observations. First, the block is competitively antagonized by increasing the [K ϩ ] o (Fig. 2) . Second, unblock measured either during brief pulses to 80 mV (Fig. 2) or at Ϫ80 mV (Fig. 6 ) is accelerated by increasing [K ϩ ] o Third, the unblocking rate is enhanced by increasing either the intensity (Fig. 3) or the duration (Fig. 4C) of the membrane depolarization.
Many of these features of the block are qualitatively and, to some extent, also quantitatively similar to those reported for the block of ShIR channel (13, 14) and its mammalian counterparts, e.g., Kv1.5 (9) and Kv1.3 (28) . For example, as with the Kv1 channels, a monoexponential onset of slow block is seen in diary plots generated by using brief, low-frequency depolarizations (e.g., Fig. 1B) . In ShIR channels, there is also . Unlike the situation with Kv4.2 channels, the Ba 2ϩ block of Kv1.5 is not enhanced at Ϫ40 mV and unblock at rest is not facilitated in 100 mM K ϩ o.
A. As described for the experiments with Kv4.2 ( Fig. 5) , closed-channel block was measured using a fixed-voltage protocol (Vm ϭ Ϫ80 mV) in which the duration of the exposure to 20 mM Ba 2ϩ in 3.5 mM K ϩ o was varied and block was monitored by using pre-and posttreatment test pulses to 80 mV. The block obtained from a fit of the data () to a monoexponential function was 30.4 (SD 1.6) s. When Ba 2ϩ was applied with Vm ϭ Ϫ40 mV (OE) the block was 64.9 (SD 6) s. The normalized steady-state block at Ϫ80 and Ϫ40 mV was estimated by extrapolation to be 0.74 Ϯ 0.01 and 0.65 Ϯ 0.02, respectively. Decreased block at Ϫ40 vs. Ϫ80 mV, which is provisionally attributed to the influence of the decrease of the electric field on the binding reaction, is the opposite of the finding in Kv4.2 where block is faster and more complete at Ϫ40 mV (Fig.  5A) . B: Kv1.5 current traces obtained and presented as described for Fig. 6B reveal that there is very little unblock of Kv1.5 channels during either a 1-s or a 120-s exposure to 100 mM K ) has been proposed to be due exclusively to the block of closed channels, and in Kv1.5 this appears also to be the case, at least in K ϩ -free external solution. However, in preliminary studies in Kv1.5 with 3.5 mM K ϩ o we have found the onset of the block is faster when the membrane voltage is pulsed (10-ms steps from Ϫ80 to 80 mV at 1 Hz) during a 20-mM Ba 2ϩ application ( block ϭ 2.95 Ϯ 0.15 s; n ϭ 6; not shown) than when the V m is maintained at Ϫ80 mV ( block ϭ 30.4 Ϯ 1.6 s; n ϭ 4; Fig. 7A ). Furthermore, in Kv1.5 channels with the R487Y mutation, which is at a site in the outer pore mouth, there is no resting block after a 60-s exposure to 20 mM Ba 2ϩ with V m ϭ Ϫ80 mV but there is substantial instantaneous and slow block when 10-ms steps from Ϫ80 mV to 50 mV are applied at 1 Hz (unpublished observations, Kehl SJ). In Kv4.2 the onset of the Ba 2ϩ block is much faster with the 1-Hz pulsed-voltage protocol than it is with a fixed voltage (V m ϭ Ϫ80 mV). This indicates that closed channel block occurs in Kv4.2 but that one or more channel states populated by brief, 1-Hz pulses to 80 mV bind Ba 2ϩ more avidly. We think it is likely that Ba 2ϩ binds to open channels, possibly during deactivation at Ϫ80 mV, but an unequivocal identification of the states to which Ba 2ϩ binds during a depolarization is not possible at this time because, unlike the situation in Kv1.5 and ShIR, considerable complexity is introduced by virtue of the fact that during and for a time following a step to 80 mV Kv4.2 channels can also populate open-inactivated and closed-inactivated states.
The reversal of the Ba 2ϩ block of Kv4.2 channels is similar to that reported for ShIR and Kv1.5 in that unblock from closed channels is very slow at Ϫ80 mV. Unblock is substantially increased by strong membrane depolarization, an effect that reflects in part the voltage dependence of the off-rate (Fig. 3B) but may also include a knock-off effect by K ϩ that occurs when the activation gate of a blocked channel is open. This knock-off could be mediated either by outward K ϩ movement in the pore during the depolarization or, especially with an
Ba 2ϩ block of closed-and closed-inactivated channels. In a numerical simulation of Kv4.2 expressed in HEK293 cells (3), the probability of the closed states at Ϫ80 mV is 0.97, at Ϫ40 mV the probability of closed-inactivated states is 0.93, and the open probability at Ϫ80 mV and Ϫ40 mV is Ϸ0 and 7.0 ϫ 10 Ϫ4 , respectively. Comparable probability values are obtained for a Kv4.2 model based on ionic and gating currents measured in tsA-201 cells, with the exception that more than half of the channels are closed inactivated at a holding potential of Ϫ80 mV, which is not consistent with the steady-state inactivation data reported here and by Bahring et al. (3) . We assume for the following discussion that at Ϫ80 mV the P o is low but not negligible and that channels reside primarily in closed or partially activated closed states, whereas at Ϫ40 mV channels are predominantly in the closed-inactivated state.
The major finding of this study was that closed-inactivated channels could not only be blocked in 20 mM Ba 2ϩ but that the block was both faster and more complete than for closed channels (Fig. 5A) . Furthermore, whether Ba 2ϩ block occurred in closed-inactivated channels or in states occupied during strong depolarizing pulses, the unblocking rate, measured using 1-Hz, 10-ms pulses from Ϫ80 to 80 mV, was the same. If it is correct that the latter property indicates that the same pore site is occupied when Ba 2ϩ is applied either at Ϫ40 mV or during brief, 1-Hz steps from Ϫ80 to 80 mV, then this accessibility of Ba 2ϩ in the closed-inactivated state to a pore site sensing at least 25% of the transmembrane voltage drop argues against a constriction or occlusion of the outer pore mouth as a mechanistic explanation for CSI.
Finally, a feature of Ba 2ϩ binding that is shared by BK, ShIR, Kv1.5, and Kv4.2 channels is its susceptibility to modulation by changes of the external [K ϩ ], a property that, as noted previously, supports the contention of a pore binding site. In ShIR it has been shown (13) that the effect of high K (Fig. 4D ). Despite this difference in the way the unblocking rate was measured, it seems very likely to us, as proposed for ShIR and BK channels (21) , that at voltages slightly above and certainly more so at voltages more negative than E K , in-going K ϩ ions are able to drive Ba 2ϩ off its binding site, past the open activation gate and into the cytoplasm. Against that mechanistic background, we now consider the finding that the unblock of Kv4.2 channels at rest (V m ϭ Ϫ80 mV) with 100 mM K ϩ o was much faster than when K ϩ o was 3.5 mM (Fig. 6A) , whereas in Kv1.5 the extent of the recovery after 120 s was similar whether the [K ϩ ] o was 3.5 or 100 mM K ϩ o (Fig. 7B) . We propose that the much stronger effect of 100 mM K ϩ o on Ba 2ϩ unblock in Kv4.2 reflects a small P o at rest that permits inward-going K ϩ to sweep Ba 2ϩ from the pore into the cytoplasm. Although we have not yet recorded Kv4.2 single channel currents to directly quantify the P o at rest, the possibility of a significant resting P o has also been advanced as an explanation for the apparent resting block of Kv4.2 current by 4-aminopyridine (29) .
We have presented evidence that a constriction of the outer pore mouth, perhaps due to a P/C-type inactivation process occurring from partially activated states, is unlikely to account for CSI in Kv4.2 channels. A role for the NH 2 terminus in CSI has also been excluded based on studies of Kv4.2 ⌬N. What then might be the mechanistic basis for CSI? One hypothesis, prompted by a study of inactivation in HCN channels (27) , is that CSI represents a slippage or decoupling of activation gate opening from voltage sensor movement such that the activation gate either fails to open during a depolarization or that it opens transiently before closing and decoupling. Support for the decoupling hypothesis is provided by a study of Kv4.2 gating current showing charge "immobilization" has the same voltage dependence as CSI (11) . The fact that open-inactivated states, e.g., N-and P/C-type inactivation, are short-lived conformations in Kv4 channels could conceivably reflect the fact that both of those processes are assumed to be strongly or strictly coupled to activation gate opening (19, 20, 23, 26, 36) . Consequently, activation gate slippage would directly prevent Ntype inactivation by blocking access of the N-terminus to the inner pore binding site and could conceivably indirectly prevent P/C-type inactivation of the outer pore mouth, which may be enabled by long range conformational changes coupled to activation gate opening. Slippage might also explain why the expected facilitation of P/C-type inactivation by the depletion of K ϩ in the nonconducting pore (7) does not occur in Kv4.2. A change of the outer pore structure that is a long-range consequence of activation gate slippage might also account for the enhanced binding of Ba 2ϩ to closed-inactivated channels. 
